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The gaseous phytohormone ethylene C2H4 mediates numerous
aspects of growth and development. Genetic analysis has identified
a number of critical elements in ethylene signaling, but how these
elements interact biochemically to transduce the signal from the
ethylene receptor complex at the endoplasmic reticulum (ER) mem-
brane to transcription factors in the nucleus is unknown. To close
this gap in our understanding of the ethylene signaling pathway,
the challenge has been to identify the target of the CONSTITUTIVE
TRIPLE RESPONSE1 (CTR1) Raf-like protein kinase, as well as the
molecular events surrounding ETHYLENE-INSENSITIVE2 (EIN2), an
ER membrane-localized Nramp homolog that positively regulates
ethylene responses. Here we demonstrate that CTR1 interacts with
and directly phosphorylates the cytosolic C-terminal domain of EIN2.
Mutations that block the EIN2 phosphorylation sites result in consti-
tutive nuclear localization of the EIN2 C terminus, concomitant with
constitutive activation of ethylene responses in Arabidopsis. Our
results suggest that phosphorylation of EIN2 by CTR1 prevents
EIN2 from signaling in the absence of ethylene, whereas inhibition
of CTR1 upon ethylene perception is a signal for cleavage and
nuclear localization of the EIN2 C terminus, allowing the ethylene
signal to reach the downstream transcription factors. These find-
ings significantly advance our understanding of the mechanisms
underlying ethylene signal transduction.

mass spectrometry | serine

Ethylene is a plant hormone that plays important roles in
growth and development (1–3). Responses to ethylene include

fruit ripening, abscission, senescence, and adaptive responses to
a wide range of biotic and abiotic stresses (1, 2). Molecular ge-
netic dissection of the ethylene response pathway in Arabidopsis
thaliana has led to the identification of key components in eth-
ylene signal transduction (3), but little is known regarding the
biochemical mechanisms that transduce the ethylene signal.
A major gap in our understanding of the ethylene signaling path-
way is how the signal is transduced from CONSTITUTIVE
TRIPLE RESPONSE1 (CTR1) to ETHYLENE-INSENSITIVE2
(EIN2) at the endoplasmic reticulum (ER) membrane and then to
the nucleus where gene expression is regulated.
The ethylene receptors, which are related to the receptor his-

tidine kinases of the prokaryotic two-component signaling system
(4, 5), reside at the ER membrane where they associate with and
signal to the CTR1 serine/threonine protein kinase (6–8); in the
absence of ethylene, the receptors promote CTR1 kinase activ-
ity, which represses ethylene responses, whereas in the presence
of ethylene, the receptors, and therefore CTR1, are inactive.
CTR1 consists of a unique N-terminal regulatory domain and a
C-terminal serine/threonine kinase domain (Fig. 1A). Because
CTR1 is most similar in sequence to the Raf protein kinase
family (8), CTR1 has long been presumed to function, like Raf,
as a mitogen-activated protein kinase kinase kinase (MAPKKK)

in a typical MAPK cascade. However, the existence of such a
MAPK cascade in ethylene signaling is controversial (9–11), and
no authenticated substrate of CTR1 has been identified.
EIN2 is a positive regulator of ethylene responses that acts

downstream of CTR1 based on genetic analyses (12, 13). No
physical or biochemical connection has been reported between
EIN2 and CTR1, however, and the mechanism of EIN2 signaling
is unknown. EIN2 consists of an N-terminal integral membrane
domain of 12 predicted transmembrane helices (residues 1–461)
with sequence similarity to Nramp metal ion transporters, followed
by a hydrophilic C-terminal domain (residues 462–1294) believed
to be cytosolic (12) (Fig. 1A). EIN2 resides at the ER (14) as-
sociated with the ethylene receptors (14, 15). In the absence of
ethylene, EIN2 protein levels are decreased by protein turnover
involving F-box proteins and degradation by the Ub/26S pro-
teasome (16). Acting downstream of EIN2 are several nuclear-
localized transcription factors (e.g., EIN3 and ERF1) that mediate
the transcriptional response to ethylene (17, 18). Interestingly,
the EIN2 C-terminal domain carries a conserved nuclear local-
ization signal (NLS) (19) (Fig. 1A).
Recently, phosphorylation sites in the C-terminal domain of

EIN2 were identified by mass spectrometry of microsomal mem-
brane proteins isolated from ethylene-treated and untreated
dark-grown Arabidopsis seedlings (20). Interestingly, the data
suggested the possibility of differential phosphorylation of EIN2
in vivo in response to ethylene, with phosphorylation occurring
primarily in the absence of ethylene (20). Based on this finding,
we proposed that the protein kinase responsible for phosphory-
lating EIN2 could be CTR1. Here, we demonstrate that EIN2 is
a direct target of the CTR1 kinase in the absence of ethylene,
and that alanine substitutions preventing phosphorylation result
in activation of ethylene responses by a mechanism involving
translocation of the EIN2 C terminus to the nucleus.
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Results
CTR1 Phosphorylates EIN2. Consistent with the possibility that
CTR1 phosphorylates EIN2, the CTR1 kinase domain (residues
551–821) interacted with the EIN2 C-terminal domain (residues
516–1294) in the yeast two-hybrid assay (Fig. 1B), and full-length
CTR1 and EIN2 associated in plant cells using bimolecular fluo-
rescence complementation (BiFC; Fig. 1C).
We examined the ability of CTR1 to phosphorylate EIN2 in

vitro using purified proteins. The kinase domain of CTR1 (residues
531–821; CTR1-KDWT) was expressed in insect cells, and the
hydrophilic, C-terminal domain of EIN2 (residues 479–1294;
EIN2-CWT) was expressed in Escherichia coli, and both were pu-
rified using 6×-His affinity tags (Fig. 1D). We similarly expressed
and purified the catalytically inactive CTR1-1 mutant version
(CTR1-KDD694E) (7) as well as EIN2-C carrying Ala substitutions
at both Ser645 and Ser924 (EIN2-CAA; Fig. 1D). These two Ser
residues were of particular interest, because both had displayed
apparent differential phosphorylation in air vs. ethylene-treated
seedlings in vivo, and both are conserved in EIN2 homologs in
higher plants (20). In an in vitro kinase assay, CTR1-KDWT, but
not CTR1-KDD694E, was capable of phosphorylating EIN2-CWT

(Fig. 1E). Mass spectrometry analysis of the kinase reaction
identified six phosphorylation sites in EIN2 corresponding to the
four differentially phosphorylated sites (20) plus two additional
sites (Ser659 and Thr819; Fig. S1; Table S1). Notably, the phos-
phorylation by CTR1- KDWT was substantially reduced (>85%)
when EIN2-CAA was used in the reaction (Fig. 1E).
Next, we examined the ability of CTR1 to phosphorylate in-

dividual EIN2 peptides corresponding to the four sites found in
common in vivo and in vitro. We included a fifth peptide cor-
responding to a site observed to be phosphorylated both with and
without ethylene in vivo (20). The peptides corresponding to
Ser645 and Ser924 were robustly phosphorylated by CTR1, and the
other two peptides were phosphorylated to a lesser extent, whereas
the fifth peptide was only weakly phosphorylated (Fig. 1F). When
the target Ser residues in these peptides were substituted with
Ala, phosphorylation was again eliminated (Fig. 1F). Kinetic
analysis of phosphorylation on Ser645 revealed a Km of 38 μM

(Fig. 1G). Taken together, these results indicate that CTR1
phosphorylates EIN2 in vivo on at least four sites.

Preventing EIN2 Phosphorylation on Ser645 and Ser924 Results in
Constitutive Activation of Ethylene Responses. To test the rele-
vance of phosphorylation on Ser645 and Ser924 to ethylene sig-
naling in planta, we constructed EIN2 transgenes encoding
Ser-to-Ala substitutions to block phosphorylation at these sites.
Mutations encoding the alanine substitutions were introduced
into a 9.4-kb genomic EIN2 transgene (EIN2p-EIN2), which in-
cluded the EIN2 promoter region (2.86 kb upstream of the 5′UTR)
as well as 629 bp downstream of the 3′ UTR. We first confirmed
that the wild-type version of this transgene (EIN2WT) could
rescue the strong mutant allele, ein2-5, which has a 7-bp deletion
(nucleotides 939–945 in the EIN2 coding sequence; Fig. S2).
When we introduced transgenes carrying S645A (EIN2S645A),
S924A (EIN2S924A), or both substitutions (EIN2AA) into the ein2-5
mutant, constitutive ethylene-response phenotypes were obtained.
The EIN2p-EIN2S645A construct conferred only a slight consti-
tutive phenotype (seen in 6 of 11 independent lines), whereas
EIN2p- EIN2S924A conferred a stronger phenotype (observed in 7
of 11 independent lines) similar to the constitutive ethylene-
response phenotype of the ctr1-1 mutant (Fig. 2 A and B; Fig. S3).
EIN2p-EIN2AA gave a strong phenotype (observed in 15 of 32
lines) consistent with an additive effect of EIN2S645A and
EIN2S924A (Fig. 2 A and B). For all phenotypic comparisons, we
used transgenic lines expressing similar levels of EIN2 (Fig. 2C).
Consistent with the above, the EIN2S924A and EIN2AA lines
showed elevated expression of the ethylene-responsive tran-
scription factor gene ERF1 (Fig. 2C). Taken together, our results
indicate that phosphorylation of Ser645 and Ser924 is involved in
repressing EIN2 signaling, and that Ser924 plays a more prom-
inent role in repressing EIN2 function compared with Ser645.
Overexpression of EIN2 in wild-type plants provided additional

evidence that Ser924 plays a larger role in ethylene signaling
compared with Ser645. Most of the resulting lines displayed
ethylene insensitivity (possibly due to EIN2 cosuppression), but
25–40% of the lines for each construct showed a constitutive
ethylene-response phenotype. Without ethylene treatment, trans-
genic lines carrying 35S-EIN2WT displayed a constitutive ethylene-

Fig. 1. CTR1 phosphorylates specific serine/threonine residues in the EIN2 C-terminal domain in vitro. (A) Cartoon of CTR1 and EIN2 protein domain structure.
Position of the predicted NLS in EIN2 is shown (19). (B) Yeast two-hybrid assay showing that the CTR1 kinase domain (residues 551–821) interacts with the EIN2
soluble domain (residues 516–1294). Bait vector (pLEXA), prey vector (pACTII), and lamin were negative controls. (C) BiFC interaction of full-length EIN2 and
CTR1 in tobacco leaf epidermal cells. Merged image shows BiFC, DIC, and chlorophyll. (Scale bar: 20 μM.) (D) Coomassie-stained SDS/PAGE gel of purified WT
and mutant versions of CTR1 kinase domain (KD) and soluble C-terminal domain of EIN2 (EIN2-C). Molecular weight markers are shown on Left. (E) In vitro
kinase assay of purified CTR1 kinase domain (residues 531–821) with the EIN2 C-terminal domain (residues 479–1294). The indicated proteins (WT or mutant)
were incubated together in kinase reaction buffer, separated by SDS/PAGE, and the incorporated radiolabel detected with a phosphorimager. (F) The relative
phosphorylation of various peptides by CTR1-KDWT. Peptides used: 1: KAAPTSNFTVGSDGPPS645FRSLSGK; 1m: KAAPTSNFTVGSDGPPA645FRSLSGK; 2. KAAVA-
NEKKYSS924MPDISGLSMSAR; 2m: KAAVANEKKYSA924MPDISGLSMSAR; 3: KPVGMNQDGPGS1283RKNVTAYG; 3m: KPVGMNQDGPGA1283RKNVTAYG; 4:
KQQRTPGS757IDSLYGLQR; 5: KKGMDS739QMTSSLYDSLKQQRT. (G) Kinetic analysis of CTR1 phosphorylation of peptide 1. A total of 20 ng of His6-CTR-KD

WT protein
was incubated with increasing concentrations of EIN2 peptide1 in kinase buffer with γ-labeled [32P]ATP, and the amount of radioactivity incorporated determined.
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response phenotype similar to ctr1-1, and when grown on the
ethylene biosynthesis precursor 1-aminocyclopropane carboxylic
acid (ACC), they displayed a distinct stunted phenotype (Fig. 2D)
identical to that of ACC-treated seedlings that overexpress the
EIN3 transcription factor (17). The 35S-EIN2S645A lines conferred
a similar phenotype as 35S-EIN2WT in both the presence and
absence of ACC. In contrast, 35S-EIN2S924A and 35S-EIN2AA

conferred the distinct stunted phenotype even when grown
without ACC treatment (Fig. 2D). Therefore, EIN2S924A and
EIN2AA appear to be activated to a greater extent than EIN2WT

and EIN2S645A.

Preventing EIN2 Phosphorylation on Ser645 and Ser924 Results in
Constitutive Localization of the EIN2 C Terminus in the Nucleus. We
next addressed how the EIN2 protein in its unphosphorylated
state is connected to downstream signaling. The putative nuclear
localization sequence in EIN2 (19) raised the possibility that the
EIN2 C terminus could move into the nucleus if cleaved from the
N-terminal, integral-membrane portion of EIN2; we examined
this using full-length EIN2 fused to GFP or YFP. Interestingly,
the amount of EIN2-GFP in the microsomal fraction was greatly
reduced when stably transformed seedlings were treated with
ethylene (Fig. 3A), perhaps due to cleavage or degradation of the
C terminus. EIN2-GFP protein was found predominantly in the
nucleus after ethylene treatment both in onion cells and stably
transformed Arabidopsis, whereas without ethylene treatment,

the signal was at the ER (Fig. 3 B and C). In contrast, a YFP tag
at the N terminus of EIN2 remained at the ER membrane with
or without ethylene treatment (Fig. 3B). These data suggest that
perception of ethylene leads to a proteolytic cleavage of EIN2,
allowing the C-terminal domain to localize to the nucleus while
the N terminus remains at the ER membrane.
In wild-type Arabidopsis stably transformed with 35S-EIN2AA-

YFP, we detected the YFP signal in the nucleus even without
ethylene treatment (Fig. 3C), indicating that the constitutive
phenotypes conferred by EIN2AA are correlated with constitu-
tive nuclear localization of the EIN2 C terminus. When we
transformed ein2-5 and ctr1-1 mutants with EIN2p-EIN2WT-GFP
and localized the GFP signal without ethylene treatment, there
was a nuclear signal for ctr1-1, indicating that the loss of CTR1
phosphorylation results in nuclear localization of the C terminus
of wild-type EIN2 (Fig. 3D). In the ein2-5 background, there was
weak fluorescence with no obvious signal in the nucleus, whereas
expression of EIN2p-EIN2AA-GFP produced a GFP signal in the
nucleus even without ethylene treatment (Fig. 3D).

Discussion
Since the genetic discovery ofCTR1 and EIN2 as critical regulators
of ethylene hormone signaling, a major unanswered question has
been how their encoded proteins mediate ethylene signaling.
This has left a significant gap in our understanding of the ethylene
signaling pathway from the ethylene receptor–CTR1 complex at
the ER membrane to EIN2, and from EIN2 to the nucleus.
Recent mass spectrometry analysis provided evidence of four in
vivo phosphorylation sites in the EIN2 C-terminal domain (20).
The phosphopeptides were observed only in the absence of
ethylene treatment, leading us to hypothesize that CTR1 is re-
sponsible for phosphorylating EIN2 in vivo, because this is
consistent with CTR1 being an active kinase in the absence but
not the presence of ethylene. Here, we have demonstrated that
CTR1 directly phosphorylates EIN2 in vitro on the same four
sites that were identified in vivo, plus two additional sites. Of
particular interest were Ser645 and Ser924, because both had
displayed differential phosphorylation in untreated vs. ethylene-
treated seedlings in vivo (20), both are conserved in EIN2 homo-
logs (20), both were efficiently phosphorylated by CTR1 in vitro,
and Ala substitutions at these residues substantially reduced
CTR1 phosphorylation of EIN2 in vitro. The large reduction in
the in vitro phosphorylation of EIN2-CAA compared with EIN2-
CWT indicated that Ser645 and Ser924 are major sites in EIN2 that
are phosphorylated by CTR1. In stably transformed Arabidopsis,
the Ser645Ala and Ser924Ala substitutions conferred constitutive
ethylene responses and constitutive nuclear localization of the
EIN2 C terminus. Our finding that both N-terminal and C-terminal
tags on EIN2 localize to the ER without ethylene treatment,
whereas only the C-terminal tag appears in the nucleus after
ethylene treatment (Fig. 3B), suggests that there is a proteolytic
cleavage of the EIN2 C-terminal domain.
Our functional analyses in planta indicated that Ser924 plays

a larger role in ethylene signaling compared with Ser645 based on
side-by-side analyses of transformants expressing similar transgene
levels. The absence of Ser924 phosphorylation might promote
proteolytic cleavage of EIN2 or play a role in movement of the
EIN2 C terminus to the nucleus, whereas other sites phos-
phorylated by CTR1 might play supporting roles or regulate
EIN2 turnover.
Overexpression of the EIN2 genomic sequence from start to

stop codon in wild-type Arabidopsis yielded a majority (60–75%)
of transgenic lines that were insensitive to ethylene, suggesting
cosuppression of EIN2, whereas the remaining transformed lines
yielded different degrees of constitutive ethylene response
depending on the construct. Conceivably, high levels of EIN2
expression result in constitutive response phenotypes due to
excess EIN2 escaping phosphorylation by CTR1 and conse-
quently activating downstream responses. This activation might
occur by enhancing EIN3 activity and/or increasing EIN3 protein

Fig. 2. Ser645Ala and Ser924Ala substitutions in EIN2 confer constitutive
ethylene responses in Arabidopsis. (A) The ethylene-response phenotype in
4-d-old dark-grown seedlings in the absence of ethylene treatment is shown
for ein2-5 transformed with WT and mutant versions of genomic transgene
EIN2p-EIN2. Representative seedlings are shown in comparison with the WT
(Col-0), ein2-5, and ctr1-1. Mean hypocotyl length ± SD is averaged for two
independent lines, 20–30 seedlings per line. (B) Inhibition of leaf cell ex-
pansion in representative rosettes of 5-wk-old soil-grown plants of the same
transgenic lines as in A. Mean rosette diameter ± SD at 4 wk old is averaged
for two independent lines, 20–35 rosettes per line. (C) Real-time quantitative
PCR expression analysis for EIN2 and the ethylene-responsive transcription
factor gene ERF1. Two independent lines (1 and 2) are shown for each
transgene. (D) Four-d-old dark-grown Col-0 seedlings stably transformed
with WT and mutant versions of 35S-EIN2 treated with or without 20 μM
ACC. Representative seedlings are shown in comparison with Col-0 and ctr1-1.
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levels, because the phenotype conferred by 35S-EIN2WT shown
in Fig. 2D is very similar to that conferred by 35S-EIN3 (17).
Based on our findings, we propose a model in which CTR1

phosphorylates EIN2 at Ser645 and Ser924 (and other sites) at the
ER membrane when ethylene is absent, causing EIN2 to be in-
active. In the presence of ethylene, CTR1 is inactive, and the
subsequent lack of phosphorylation on EIN2 results in cleavage
of EIN2 and movement of the EIN2 C terminus into the nucleus
(Fig. 4). The absence of phosphorylation on the EIN2 C-terminal
domain may be the signal for its proteolytic release from the
membrane-bound N-terminal domain, freeing the C terminus to
migrate into the nucleus. An alternative but not mutually ex-
clusive model is that phosphorylation acts as a signal to target
EIN2 for degradation by the 26S proteasome (16), in which case
the absence of phosphorylation could inhibit degradation, in-
directly resulting in nuclear localization. Once in the nucleus, the
EIN2 C terminus possibly regulates the downstream transcription
factors, EIN3 and EIL1, either directly or via other components.
Several well-known ER membrane- or plasma membrane-
localized signaling proteins in animals also undergo cleavage
and translocation to the nucleus, such as sterol regulatory ele-
ment binding proteins (21), Notch (22), and Tra2 (23), and in
these cases, the nuclear-localized forms are transcription factors
themselves or control other proteins involved in transcription.
Although the molecular functions of the N-terminal and C-

terminal domains of EIN2 have yet to be elucidated, the bio-
chemical connection between EIN2 and the so-called Raf-like
kinase CTR1, together with insight into how the ethylene signal
is relayed from the ER to the nucleus, fills a long-standing gap in
our understanding of the ethylene signaling pathway. Though the
possibility of a MAPK cascade in ethylene signaling still remains,
our findings demonstrate that the regulation of ethylene responses
by CTR1 can occur without such a cascade, although we have not
ruled out that CTR1 phosphorylates other targets, as proposed by
Yoo et al. (24).
While this paper was under review, a paper on the same topic was

published by Qiao et al. (25), who similarly demonstrated that EIN2
is differentially phosphorylated at Ser645, and that the EIN2 C ter-
minus migrates to the nucleus after ethylene treatment. In contrast
to the results presented here, Qiao et al. (25) reported a strong con-
stitutive ethylene-response phenotype conferred by EIN2S645A. This
discrepancy could be the result of a high-level expression of the
EIN2 transgene in their studies. Qiao et al. (25) did not uncover
or examine phosphorylation of Ser924 of EIN2. Nevertheless,
both papers together advance a mechanistic understanding of key
steps in the ethylene signal transduction pathway.

Materials and Methods
Plant Materials and Growth Conditions. The A. thaliana Columbia ecotype
(Col-0) was used as the wild type. White onions were obtained from a gro-
cery store. Arabidopsis and Nicotiana benthamiana plants were grown in soil
under 16-h light/8-h dark in controlled environment chambers at 22 °C under
white fluorescent light. For the seedling assay, seeds were sown on Mura-
shige and Skoog (MS) medium containing 0.8% (wt/vol) agar supplemented
with either 5 μM aminoethoxyvinylglycine (AVG) (Sigma Aldrich) or 20 μM
ACC (Sigma Aldrich). Following a 3D stratification at 4 °C, the plates were
placed in light for 5–6 h and then germinated in the dark for 4 d at 20 °C. For
treatment with ethylene gas (Specialty Gases of America), the sown seeds
were placed in custom-made light- and gas-tight Plexiglas chambers (Plas-
Labs, Inc.) into which ethylene gas was injected to the indicated concen-
tration. Measurements of hypocotyl length and rosette diameter were made
using ImageJ software (http://rsbweb.nih.gov/ij/) on digital photographs.

Purification of His6-CTR1-KD
WT and His6-CTR1-KD

D694E Using Recombinant Virus.
The generation of recombinant virus is described in SI Materials and Meth-
ods. Sf9 insect cells grown as an adherent culture in Grace’s insect media
were transfected with a P3 stock of recombinant virus expressing His6-CTR1-
KDWT and His6-CTR1-KD

D694E and incubated for 72 h at 28 °C. Cells were
harvested and washed briefly with 1× PBS and resuspended in lysis buffer
[20 mM Tris (pH 7.5), 150 mM NaCl, 10 mM NaF, 1% Triton X-100, 1 mM
PMSF, 1× Roche Complete Protease Inhibitor mixture]. Supernatant was
collected, cleared by centrifugation (16,000 × g × 20 min) and loaded onto

Fig. 3. EIN2AA results in constitutive nuclear localization of the EIN2 C-terminal
domain. (A)Westernblotof EIN2-GFP in themicrosomal fraction. Four-d-olddark-
grown ein2-5 seedlings stably transformed with EINp-EIN2-GFP were treated
without or with ethylene gas for 3 h. The microsomal fraction was analyzed by
Westernblottingusing ananti-GFP antibody. EIN2 (withoutGFP) is 141 kDa. ECA1
(41) was a loading control. (B) Differential localization of the N and C termini of
EIN2 in onion epidermal cells. 35S-YFP-EIN2 and 35S-EIN2-GFPweredelivered into
onion cells byparticlebombardmentandfluorescencewas visualizedby confocal
microscopy. The YFP tag and the ER marker (ER-RFP) colocalized both without
andwith 3–6 h ethylene treatment. The GFP tag colocalizedwith the ERmarker
without ethylene treatment, but predominantly colocalized with the nuclear
DAPI stain after ethylene treatment. (C) Ethylene-responsive nuclear localization
of EIN2WT-YFP and constitutive nuclear localization of EIN2AA-YFP in Arabidopsis
hypocotyl cells. Four-d-old dark-grown Col-0 seedlings stably transformed with
35S-EIN2WT-YFP were treated for 3 h with H2O (0 μM ACC) or 100 μM ACC, and
then examined by confocal microscopy. Col-0 seedlings transformed with 35S-
EIN2AA-YFP were treated for 3 h with only H2O (0 μM ACC). (D) Constitutive nu-
clear localization of EIN2WT-GFP and EIN2AA-GFP in hypocotyl cells of ctr1-1 and
ein2-5, respectively. Four-d-old dark-grown seedlings stably transformed with
EIN2p-EIN2WT-GFP or EIN2p-EIN2AA-GFP without ethylene treatment were ex-
amined by confocal microscopy. (Scale bar: B–D, 20 μm.)
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a nickel resin (Ni-NTA His·Bind Superflow Resin; Novagen). The column was
washed with 10 column-volumes of washing buffer I [20 mM Tris (pH 7.5), 300
mMNaCl, 10 mMNaF, 10% (vol/vol) glycerol, 1 mM PMSF, 1× Roche Complete
Protease Inhibitor mixture] followed by 20 column-volumes of washing buffer
II [20 mM Tris (pH 7.5), 300 mM NaCl, 10 mM NaF, 10% (vol/vol) glycerol,
10 mM imidazole, 1 mM PMSF, 1× Roche Complete Protease Inhibitor mix-
ture]. Recombinant proteins were eluted using two column-volumes of elu-
tion buffer [20 mM Tris (pH 7.5), 300 mM NaCl, 10 mM NaF, 10% (vol/vol)
glycerol, 200 mM imidazole, 1 mM PMSF, 1× Roche Complete Protease In-
hibitor mixture]. Protein concentration was measured using a Bradford assay.

Expression and Purification of Recombinant EIN2 Proteins. The mutagenesis of
EIN2 is described in SI Materials and Methods. The EIN2WT (14) and EIN2AA

expression plasmids were transformed into the E. coli strain BL21 for protein
expression. Protein expression was induced in cultures grown at 30 °C to an
A600 of 0.6 by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside
and then incubated for an additional 48 h at 18 °C. Cells were harvested and
resuspended in extraction buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 10 mM
NaF, 1 mM PMSF, 0.5 mM DTT, 1× Roche Complete Protease Inhibitor mix-
ture], followed by sonication and centrifugation (16,000 × g × 30 min). The
His-tagged proteins were purified as described above.

In Vitro Kinase Assay. A total of 20 ng purified His6-CTR1-KD
WT or His6-CTR1-

KDD694E protein was incubated with 100 ng of His6-EIN2
WT-His6 or His6-

EIN2AA-His6 in kinase reaction buffer [50 mM Tris (pH 7.5), 10 mM MgCl2, 1×
Roche Complete Protease Inhibitor mixture, 1 μCi [γ-32P]ATP] for 30 min at
room temperature. After incubation, reactions were terminated by boiling
in 6× Laemmli SDS sample buffer for 3 min. Samples were subjected to SDS/
PAGE, dried, and visualized by autoradiography.

Phosphorylation of EIN2 Peptides by His6-CTR1-KD
WT. The kinase assay de-

scribed abovewas carried out using 20 ng of purified His6-CTR1-KD
WT and 400

μM of each EIN2 peptide (University of North Carolina High-Throughput
Peptide Synthesis and Array Facility, Chapel Hill, NC). Reactions were ter-
minated by adding 2 vol of ice-cold 75-mM phosphoric acid, and the samples
were then spotted onto a 96-well unifilter microplate (Whatman). The
unifilter microplate was then washed several times with ice-cold 75-mM
phosphoric acid to remove unincorporated [γ-32P]ATP. The plate was washed
with acetone and dried, and the incorporated radioactivity determined with a
scintillation counter. The reactions were performed in triplicate. For analysis of
enzyme kinetics, 20 ng of His6-CTR1-KD

WT protein was incubated with increasing
amounts of EIN2 peptide1 in kinase reaction buffer and analyzed as above.

Evaluation of In Vitro Phosphorylation of EIN2 byMulti-StageMass Spectrometry
(MS2 and MS3). His6-EIN2

WT-His6 was reacted with His6-CTR1-KD
WT and ATP

(referred to as EIN2_CTR1) and separated by SDS/PAGE (Fig. S1A). As controls,
His6-CTR1-KD

WT and His6-EIN2
WT-His6 were reacted by themselves. Coomassie-

stained His6-EIN2
WT-His6 bands were excised and destained, and the proteins

were reduced, carboxyamidomethylated, and digested with trypsin as pre-
viously described (26). Peptides from each sample were separated on a C18
reverse-phase column (100× 0.18mmBioBasic-18) using a linear gradient from
5% to 40%acetonitrile/0.1% formic acid at a flow rate of 3mL/min, which was
controlled by an Accela HPLC pump (Thermo Fisher Scientific). The eluent was
electrosprayed at 3.5 kV directly into the orifice of an LTQ-Orbitrap XL mass
spectrometer (27) (Thermo Fisher Scientific) controlled by Xcalibur 2.0.7 soft-
ware (Thermo Fisher Scientific). A parent-ion scan was performed in the
Orbitrap over the range of 400 to 1,600 m/z at 30,000 resolution, 1 million
automatic gain control (AGC), 750-ms ion injection time, and one microscan.
Lock mass was enabled (28). Data-dependent MS2 andMS3 were performed in
the linear ion trap with 10,000 AGC and 100-ms ion injection times with three
microscans. MS2 was performed on thefivemost intenseMS ions, andMS3 was
triggered if one of the top three MS2 ions corresponded with neutral loss of
98.0, 49.0, and 32.7 Da for +1, +2, and +3 charged ions, respectively (29).
Minimum signals were 5,000 and 500 respectively. An isolation width of 2 m/z
and normalized collision energy of 35% were used for MS2 and MS3. Dynamic
exclusion was used with a repeat count of one 30-s repeat duration, a list of 50,
list duration of 3 min, and exclusion mass width of ±0.7 Da.

MS2 and MS3 spectrum data files were separately extracted from the raw
data with BioWorks 3.3.1 (Thermo Fisher Scientific) using the parameters
600−4,500 mass range, zero group scan, one minimum group count, and five
minimum ion counts. There were 2,317 MS2 spectra from the EIN2 sample
and 2,506 MS2 and 65 MS3 spectra from the EIN2_CTR1 sample. Sets of MS2

and MS3 spectra were searched independently with Mascot 2.4.0 (30). For
MS2 spectra, search parameters were for tryptic digests, one possible missed
cleavage, fixed amino acid modification [+57, C], variable amino acid mod-
ifications for phosphorylation [+80, S, T], monoisotopic mass values, ±10
ppm parent ion mass tolerance, ±0.8 Da fragment ion mass tolerance, and
13C = 1 enabled. For MS3 spectra, search parameters were for tryptic digests,
one possible missed cleavage, fixed amino acid modification [+57, C], vari-
able amino acid modifications [−18, S, T] and [+80, S, T], monoisotopic mass
values, ±1.5 Da parent ion mass tolerance, and ±0.8 Da fragment ion mass
tolerance. The searched database consisted of version 8.0 of the A. thaliana
genome protein reference database (ftp://ftp.arabidopsis.org/home/tair/
Sequences/blast_datasets/; 32,825 records) appended with a list of common
contaminants (32,997 records total). Peptide-spectrum matches with Expect
values less than 0.05 were accepted. Phosphorylation of S and T were eval-
uated based on the Mascot peptide-spectrum match assignments. It was
discovered by manual examination that BioWorks assigned an incorrect
parent ion mass to the MS2 spectrum EIN2_CTR1_B5.1556.1556.2. Therefore,
Mascot Distiller was used to reextract the peak list from the raw data, which
resulted in correct parent ionmass assignment for the EIN2_CTR1_B5.1556.1556.2
spectrum reported here.

To evaluate phosphorylatedpeptides andphosphosite localization,weused
theMascotDelta score (31) and a decision tree (20) that considered thenumber
of moieties and the number of potential sites for phosphorylation, theMascot
Ions score magnitude and the Expect value, the peptide charge state (32), +80
Da mass shifts (meaning no neutral loss and phosphorylation mass gain at an
amino acid position), phosphoric acid neutral losses (leading to −18 Da mass
loss at S/T), and corroborating neutral loss-generated MS3 spectra (33). This
information was used to assign high, moderate, or low confidence for phos-
phorylation positioning to the specific peptides listed in Table S1.

Generation of Stably Transformed Arabidopsis. Cloning of all EIN2 binary
plasmid constructs and site-directed in vitro mutagenesis are described in SI
Materials and Methods. The binary plasmids were transformed into Agro-
bacterium tumefaciens strain GV3101, and then Arabidopsis plants were
transformed using the floral dip method (34). Transformants were selected
with the herbicide Basta (Bayer Crop Science) or hygromycin. Homozygous
lines were obtained in the T3 generation for the wild-type EIN2p-EIN2 and
EIN2p-EIN2-GFP in ein2-5 and mutant versions of EIN2p-EIN2 in ein2-5. The
T2 generation was analyzed for transformants carrying 35S-EIN2WT-GFP, 35S-
EIN2AA-GFP, EIN2p-EIN2WT-GFP, EIN2p-EIN2AA-GFP, and wild-type and mu-
tant versions of 35S-EIN2 without GFP.

Yeast Two-Hybrid Assay. Cloning of the EIN2 C-terminal domain in pACTII is
described in SIMaterials andMethods. The resulting EIN2 prey clonewas paired
with an existing CTR1 kinase domain clone (in bait vector pLexA) and tested
along with negative controls as in Clark et al. (35). To select for interaction, the
medium lacked histidine and contained 2.5 mM 3-aminotriazole (3-AT).

BiFC in Tobacco Leaf Epidermal Cells. BiFC constructs are described in SI Materials
and Methods . For Agrobacterium infiltration of tobacco leaves, we followed

Fig. 4. Model of ethylene signaling. In the absence of ethylene (Left), the
ethylene receptors (e.g., ETR1) at the ER membrane activate the CTR1 pro-
tein kinase, a dimer (42), which phosphorylates the C-terminal domain of
EIN2, preventing its nuclear localization. Without ethylene, EIN2 is targeted
for 26S proteasomal degradation by F-box proteins ETP1/2 (16). Transcription
factors EIN3/EIL1 are also targeted for degradation by F-box proteins EBF1/2
(17). In the presence of ethylene (Right), the receptors are inactivated and
therefore the CTR1 kinase is no longer active. The absence of phosphoryla-
tion on EIN2 results in EIN2 C terminus being cleaved and localizing to the
nucleus where it can activate the downstream transcriptional cascade.
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the protocol of Schütze et al. (36) using Agrobacterium strain C58C1.
As a negative control, EIN2-cYFP was paired with ECA1 (an ER-localized
Ca2+-ATPase)-nYFP described in Dong et al. (37).

Subcellular Localization of EIN2 in Onion Epidermal Cells. Plasmid constructs
are described in SI Materials and Methods. For particle bombardment, we
used a Helios Gene Gun (BioRad) as described (38). Bullets were prepared for
each of the above constructs together with an ER marker, ER-rb (Arabidopsis
Biological Resource Center) (39).

Real-Time Quantitative PCR Analysis of EIN2 and ERF1 mRNA Abundance. Total
RNAwas prepared from 4-wk-old soil-grown plants or 4-d-old seedlings using
RNeasy Plant Mini Kit (QIAGEN) and reverse transcribed using RevertAid First
Strand cDNA Synthesis Kit (Fermentas) according to the manufacturers’
instructions. Quantitative PCR was performed with SsoFast EvaGreen
Supermix (Bio-Rad) on a CFX96 Real-Time System (Bio-Rad) using the gene-
specific primers listed in Table S2. Three technical replicates were carried out
for each sample. Relative expression levels in each cDNA sample were
obtained by normalization to the reference gene GAPDH.

Western Blotting. Four-day-old dark-grown seedlings (homozygous EINp-
EIN2-GFP in ein2-5) grown on MS agar containing AVG were treated with or
without 100 ppm ethylene gas for 3 h. The microsomal fraction was prepared
as described (40), separated by 7.5% SDS/PAGE, transferred into PVDF
membrane (BioRad) by wet-tank transfer, and subjected to immunoblotting
with a 1:1,500 dilution of anti-GFP antibody (Santa Cruz Biotechnology). The
same membrane was stripped and immunoblotted with a 1:3,000 dilution
of anti-ECA1 antibody (kindly provided by H. Sze, University of Maryland,
College Park, MD) as a loading control.

Fluorescence Microscopy. Imaging of GFP, YFP, and RFP was conducted under
a laser-scanning confocal microscope (Zeiss LSM710). Samples were directly
mounted on glass slides in water. For BiFC, three replicate experiments were
carriedoutusing15–20 tobacco leaves per experiment. For onionepidermal cells,
Petri dishes containing onion peels were placed in the light- and gas-tight
chambers described above, and for ethylene treatment, ethylene gas was
injected into the chamber at afinal concentration of 167 ppm.Onion peels were
stainedwith 20 μg/mLDAPI solution for 30min. Three replicateswere carriedout
for each construct using 12 onion pieces per replicate. For Arabidopsis trans-
formed with 35S-EIN2-YFP, 4-d-old dark-grown seedlings were treated with
0 μMor 100 μMACC (dissolved in water) for 3 h in combination with DAPI [5 μg/
mL in H2O plus 0.2% (vol/vol) Triton X-100] for at least 1 h and rinsed with water
before examination. Five independent transgenic lineswere examinedusingfive
ormore seedlings per construct, and ACC treatment experiments were repeated
at least three times. For EIN2p-EIN2-GFP transformants, 4-d-old dark-grown
seedlingswere treatedonlywithDAPI; for EIN2p-EIN2WT, 15 and12 independent
lines in ein2-5 and ctr1-1, respectively. For EIN2p-EIN2AA, we examined 28 in-
dependent lines in ein2-5. At least five seedlings were examined per line.
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